lated using Multi-Conformation Continuum Electrostatics (MCCE). The experimental E m s range over 800 mV from 2350 mV in cytochrome c 3 to 450 mV in cytochrome c peroxidase (vs. SHE). The quantitative analysis of the factors that modulate heme electrochemistry includes the interactions of the heme with its ligands, the solvent, the protein backbone, and sidechains. MCCE calculated E m s are in good agreement with measured values. Using no free parameters the slope of the line comparing calculated and experimental E m s is 0.73 (R 2 5 0.90), showing the method accounts for 73% of the observed E m range. Adding a 1160 mV correction to the His-Met c-type hemes yields a slope of 0.97 (R 2 5 0.93). With the correction 65% of the hemes have an absolute error smaller than 60 mV and 92% are within 120 mV. The overview of heme proteins with known structures and E m s shows both the lowest and highest potential hemes are c-type, whereas the b-type hemes are found in the middle E m range. In solution, bis-His ligation lowers the E m by %205 mV relative to hemes with His-Met ligands. The bis-His, aquo-His, and His-Met ligated b-type hemes all cluster about E m s which are %200 mV more positive in protein than in water. In contrast, the low potential bis-His c-type hemes are shifted little from in solution, whereas the high potential His-Met c-type hemes are raised by %300 mV from solution. The analysis shows that no single type of interaction can be identified as the most important in setting heme electrochemistry in proteins. For example, the loss of solvation (reaction field) energy, which raises the E m , has been suggested to be a major factor in tuning in situ E m s. However, the calculated solvation energy vs. experimental E m shows a slope of 0.2 and R 2 of 0.5 thus correlates weakly with E m s. All other individual interactions show even less correlation with E m . However the sum of these terms does reproduce the range of observed E m s. Therefore, different proteins use different aspects of their structures to modulate the in situ heme electrochemistry. This study also shows that the calculated E m s are relatively insensitive to different heme partial charges and to the protein dielectric constant used in the simulation.
major challenge for understanding the relationship between protein structure and function is to identify the forces that proteins use to modify the behavior of bound ligands. The simplicity of the heme electrochemistry with its one electron oxidation/reduction reaction, the extreme range of modification of the chemistry in situ and the wealth of data and structures allows the in depth computational study of this group of proteins. Cytochrome E m s have been analyzed by various computational techniques to understand how the protein modifies the heme electrochemistry. Studies have used classical continuum electrostatics (CE), 18-21 MultiConformation Continuum Electrostatics (MCCE), 22 Protein Dipoles Langevin dipoles (PDLD), semi-microscopic PDLD (PDLD/S) analysis, 23,24 Molecular Dynamics (MD), 25 and QM and QM/MM 26 methods. Calculations on the Rhodopseudomonas viridis reaction center, which have four hemes with E m s spanning 450 mV, successfully identified the high-and low-potential hemes. 18, 27 Mao investigated a variety of soluble cytochromes with E m s spanning 450 mV using MCCE, comparing the ways different protein folding motifs modulate the electrochemistry. 22 A variety of studies have shown the importance of the propionic acids, which are peripheral groups to the heme in determining the E m and the pH dependence of the E m s. 19, 28, 29 Many of the methods that analyze heme E m s in proteins are conceptually similar to those that calculate residue pK a s in proteins, analyzing how the protein shifts the proton affinity of a site. [30] [31] [32] [33] [34] [35] However, proteins are found to shift heme E m s over a much larger range than amino acid pK a s. Protein pK a s are usually measured from pH 2 to 11 where proteins remain stable. 30, 36, 37 Althougth the observed pK a s for a given residue type range over only a few pH units, 38,39 some highly perturbed species can be found where the protein shifts the pK a s by as much as 4-5 pH units. 40, 41 This represents a shift in free energy of ionization of 240-300 meV, much smaller than found routinely for the shifts in heme E m s.
The earliest analysis of heme protein electrochemistry focused on how the desolvation of the heme in the protein will raise the E m relative to that found for a heme in water. [42] [43] [44] Modern continuum electrostatics techniques then combined continuum electrostatics energies and Monte Carlo sampling of the possible combinations of ionization states in a protein. This analysis starts with a reference pK a,sol or E m,sol in water for each group of interest calculating the shift in pK a or E m when the group is moved into the protein. 31 The free energy of the reaction is assumed to be shifted by the change in solvation energy and by electrostatic pairwise interactions with charges and dipoles between the water and protein, which are calculated by the Poisson-Boltzmann (PB) equation 45 Hemes can be classified by their heme type (a, b, and c here) and axial ligands (bis-His, His-Met, and aquo-His here). 59 Hemes in different categories are found in different E m regions and the interactions that contribute to the E m shifts are described for each class. The sensitivity of the calculations to the parameters used was tested by comparing the results with different heme partial charges and with a protein dielectric constant of 4 and 8. The calculated E m s are found to be not very sensitive to these changes.
METHODS

Protein selection
All structures were obtained from the Protein Data Bank. 60 Forty-two different heme-containing proteins (63 pdb files, 96 structures, 141 hemes) with experimental E m s spanning 800 mV were examined (See Fig. 1, Figure S1 ). These proteins range in size from the 76 residue cyt. c 553 to the 1212 residue bc 1 complex. Most structures were solved by X-ray crystallographer with a resolution of 2.5 Å or better. When there are multiple copies of a protein in one PDB file, each independent copy was analyzed separately, keeping all the results. Three NMR structures were considered here (cytochrome b 5 1AW3, cytochrome b 5 1B5A, and cytochrome b 562 1QPU), all of which contain a single structure in the PDB file. With the exception of a single heme a in cytochrome c oxidase, there are only b-and c-type hemes included, with ligand type bis-His, His-Met, or aquo-His. All crystal waters were deleted from the structures. Five coordinate hemes, with a single protein ligand, were fitted with an aquo ligand. This can be a water or hydroxyl, with a pK a that is dependent on the heme oxidation state. 61 A dielectric constant of 80 was applied to the surrounding water. Protein cavities were filled with continuum water. The default value for the protein dielectric constant was four.
Three membrane proteins are included: bovine bc 1 complex, Rhodobacter sphaeroides cyt. c oxidase, and the Rhodopseudomonas viridis reaction center. The hemes in the reaction center are in an extra-membrane cytochrome c subunit, which was isolated and analyzed independently. These heme E m s are not affected by removing the other three transmembrane subunits (Gunner unpublished results) . A membrane slab of $35 Å was built for cyt. c oxidase and the bc 1 complex using the program IPECE. 54,62 IPECE is embedded in MCCE as an optional procedure. Membranes were assigned a dielectric constant of four. In cyt c oxidase, the E m for the bis-his heme a was calculated with all other cofactors fixed in their oxidized states.
MCCE
MCCE is a semi-empirical method combining classical continuum electrostatics and molecular mechanics. 36,38,63 It samples the ionization state of each residue and cofactor in the protein as a function of E h and pH. Version MCCE2.4 was used here. In MCCE, the protein backbone and the heme ring heavy atoms are fixed. MCCE generates rotamers in 608 steps around each rotatable bond for both ionizable and nonionizable sidechains and the heme propionic acids. Each possible conformation or ionization state for a residue is called a conformer. All pairs of conformers with only modest clashes (<5 kcal/mol) have their positions optimized. All acidic and basic residues have conformers for the neutral and ionized states and multiple hydroxyl positions are found in different conformer. Solution of the finite-difference Poisson-Boltzmann equation using DelPhi 45 yields an energy look-up table, which contains the electrostatic conformer-conformer pairwise interactions and reaction field energy for each conformer. A salt concentration of 0.15M, a water probe radius of 1.4 Å and a 2.0 Å Stern ion-exclusion radius were used. Protein residues were assigned PARSE charges and radii. 64 Focusing runs give a final resolution better than 2.0 grids/Å . 65 The nonelectrostatic van der Waals interactions and torsion energies were calculated with standard AMBER parameters. 66 For a protein with $110 residues, $1200 conformers are made, with each conformer representing a choice of atomic position and ionization state for a sidechain, chain termini, or cofactor. For every protein microstate, a single conformer was selected for each residue. Monte Carlo sampling calculates the Boltzmann distribution of all conformer ionization states and positions at 258C. Each calculated result reported here is the average of two independent Monte Carlo sampling runs. The total energy for one microstate (DG n ) is:
RT is 0.59 kcal/mol, and F is the Faraday constant. d n,i is one for the conformer i that is occupied and 0 for all other conformers in the residue. m i is 1 for bases, 21 for acids, and 0 for all other groups. n i is the number of electrons. M is the total number of conformers in the protein. pK sol,i and E msol,i are the pK a and midpoint potential in the solution for residue. DDG rxn,i is the desolvation energy, the loss of reaction field energy when conformer i is moved from solution to protein. DG pol,i is the pairwise electrostatic and nonelectrostatic interaction between the conformer i and the backbone dipoles. DG ij is the electrostatic and nonelectrostatic interaction between two conformers. A detailed description of the method can be found in. 22, 36, 38, 54, 55 Midpoint reduction potential (E m ) calculation MCCE follows the percentage of group ionization for each residue or cofactor as a function of pH or E h [Eq.
(1)]. The midpoint redox potential is the E h , where half of the hemes are oxidized. The MCCE procedure keeps all protonation states in equilibrium with the heme as it changes redox state during the titration. This allows the proton uptake coupled to electron transfer to be determined from the number of protons bound to the ionizable groups as a function of the cofactor redox state. The default calculations are carried out at pH 7. The following proteins were analyzed at alternate pH where the E m was measured: cyt c 3 3CAO, 3CAR at pH 7.6; cyt c 3 1CZJ at pH 8.1; cyt c 1M1R at pH 9.0.
The influence of the protein on the E m can be determined from:
DG protein /nF is the effect of the protein on the free energy of the redox reaction. 31, 56, 22 This term can be decomposed in MCCE calculation as:
This incorporates the difference in the loss in reaction field energy (desolvation energy) moving from solvent to protein (DDG rxn ), the change in interaction with the backbone dipoles (DG pol ) and contributions from the electrostatic interaction with the propionates (DG res,prop ) and the rest of the protein (DG res,prot ). In each case, the difference between the interaction of the oxidized and reduced heme with the protein determines the resultant E m shift. DDG rxn always destabilizes heme oxidation, raising E m s 42,43,67 because the solvation energy loss is always greater for the more highly charged oxidized heme. Ionized propionates always have favorable interaction (DG res,prop ) with the heme, lowering the E m s. DG pol and DG res,prot depend on the protein context. They are as likely to favor the reduced as the oxidized heme.
Heme-ligand complex
Heme, its axial ligand sidechains and, for the c-type hemes, the Cys sidechains that are covalently bound to the hemes, are treated together as a single unit with an oxidized or reduced conformer. The backbone atoms for the residues that function as ligands remain as part of the protein backbone. The two propionates are treated as independently ionizable groups.
The measured E m of 2220 mV (vs. SHE) of bis-His microperoxidases (MPs) in solution was used as the solution E m (E m,sol ) for the bis-His hemes. 68 The E m,sol of 215 mV derived from site-directed mutation from bisHis to His-Met axial ligands 69,70 was used for His-Met hemes (see Mao J, Hauser K, Gunner MR 22 for a more complete discussion).
Five-coordinate hemes bind a water or hydroxide as a sixth ligand. Solution pK a (pK a,sol ) and E m,sol of this heme complex were also taken from the measurements on microperoxidase. 71,72 The hydroxyl pK a,sol is 9.6 in the ferric and 10.9 in the ferrous heme. E m,sol is 2120 mV for His-water heme and 2200 mV for hydroxyl-His heme. 61, 73, 74 The reference reaction field energy (DG rxn,sol ) of the heme complex was precalculated by DelPhi for each ligand-heme complex by moving the heme with the axial ligands from dielectric constant of 4 to 80 in the reduced and the oxidized states (see Table II ). In calculations with a protein dielectric constant of 8, the heme complex was moved from e 5 8 to 80 in Delphi to generate DG rxn,sol . The Cys peripheral ligands were included in the atomic structure of the c-type heme complex. The propionic acids, which are considered as independently ionizable groups, were removed. The same procedure was carried out to generate the solution reaction field energy for the ionized and neutral acids and bases. 38 The propionates are given at least two protonated conformers, with a proton on either carboxylic oxygen, and one deprotonated conformer. 22 Each of these can have multiple heavy atom rotamers if these can be accommodated in the protein structure. Protonated conformers have a total charge of zero, whereas deprotonated ones have 21.00. A standard solution pK a of 4.9 for carboxyl group was used for propionates. 75 The reference reaction field energies are 22.5 kcal/mol for the protonated conformers and 218.23 kcal/mol for the deprotonated conformer.
The default calculations use a metal centered charge distribution on the hemes. 18 This has 20.5 charge on each heme ring nitrogen atom and 12 or 13 charge on the iron in the reduced or oxidized state, respectively. 18 Ligand side chains have PARSE charges on each atom, with a net charge of zero in both the neutral and ionized heme complex. In addition, a Mulliken charge set was obtained by Gaussian03 calculation with HF/6-31G and B3LYP/6-31G basis sets for the His-Met c-type heme 76 and results were compared with those obtained with the metal centered charge (see Table SI , SII). Here charges of 11.20 and 11.34 were assigned to the iron in reduced and oxidized heme. All ligands, His, Met, and Cys, have a nonzero net charge in each state. The total heme complex (including two propionates) has 22 and 21 charge. With the heme reduced, the covalently attached propionic acid each has an assigned net charge of 21. However, when the heme is oxidized there is a charge shift diminishing the assigned propionic acid charge to 20.81. A 21.00 charge is assigned to each of the propionates in the calculation regardless of the heme oxidation state. The missing 10.38 charge was evenly added to each atom in the plane of the oxidized heme. Electrostatic potential charge (ESP) and natural bond orbital (NBO) charges for the bis-His c-type heme were also obtained using Jaguar 77 (Zhang J, Gunner MR, in preparation). The iron should have a positive atomic charge. Thus with positively charged heme iron of 10.69 and 11.04 in reduced and oxidized, NBO charges appear to be physically reasonable. In contrast, ESP charges put -0.65 and -0.23 charge on iron in reduced and oxidized.
RESULTS AND DISCUSSION
Midpoint redox potentials (E m,calc ) were obtained using MCCE on 141 hemes in 42 different proteins. Where available, several atomic structures were used for the same protein: 93 individual structures from 63 pdb files were analyzed. The E m,calc for each heme is found in the supplementary material (see Table SIII ). Calculated and experimental results were compared (Fig. 1, Fig. S1 ). The measured E m s (E m,expt ) range from 2350 mV to 450 mV. The proteins studied include the soluble proteins: cytochromes c, c 2 , c 3 , c 4 , c 549 , c 550 , c 551, c 552 , c 553 , c 6 , c 7 , c@ cytochromes b 5 , b 562 ; hemoglobin, myoglobin; cytochrome c peroxidase; quinohemoprotein amine dehydrogense (the diheme cytochrome c domain) 78 ; and the membrane proteins: reaction center, bc 1 complex and cytochrome c oxidase. Twenty-seven of the forty-two proteins have one heme only. Others include six di-heme proteins; two tri-heme proteins, and seven tetra-heme proteins.
Contribution of the different electrostatic energy terms to E m,calc MCCE interprets the in situ midpoint redox potential as shifted from solution by the protein because of the loss in the self (reaction field) energy (DDG rxn ), which always favors heme reduction raising E m s, 42,43 and pairwise electrostatic interactions with backbone dipoles, propionic acids, and charged or polar side chains (DG pol , DG res,prop , and DG res,prot ) [Eq. (3), Table I DDG rxn : Moving into the protein from the water always destabilizes the more highly charged oxidized heme more than the reduced, raising the E m . 42,43 Deeply buried hemes suffer a bigger loss than more exposed ones. The variation of heme exposure to solvent has been suggested to be a primary determinant of the in site E m . 79-81 However, previous CE 82 and MCCE 22 studies found a small range of DDG rxn of only $130 meV in hemes with an E m,expt range of $450 mV and thus suggested that variation in solvation energy is not the dominant factor in determining heme E m s. Over the wider E m range covered here, DDG rxn varies from 3 meV in small soluble tetra-heme cytochrome c protein (E m,expt 2248 mV) 83 to 305 mV in the sperm whale myoglobin (E m,expt 50 mV). 84 This 302 meV range, while significant, is still insufficient to account for the whole range of E m,expt of 800 mV. In addition, the correlation between DDG rxn and E m,expt shows a slope of only $0.2 with an R 2 of 0.493 [ Table I , Fig. 2(a) ].
DG pol : Each amino acid has an associated backbone amide group, which has a dipole moment larger than that of water. Earlier electrostatic surveys of protein electrostatics found that on average the protein backbone dipoles are oriented in all proteins to make the interior more positive. 85 In previous MCCE analysis of heme E m s, interactions with the protein backbone were always found to destabilize heme oxidation, raising the redox potential. 22 Here, as the potential range is expanded to low potential hemes and new high potential proteins are added, there are hemes found where the backbone dipoles favor oxidation. DG pol ranges from 2158 meV in Thermosynechococcus elongatus cytochrome c 550 (E m,expt 2240 mV 86 ) to 187 meV in Rhodobacter sphaeroides cytochrome c 2 (E m,expt 355 mV 87 ). However, overall there is little correlations between DG pol and E m,expt [ Table I , Fig. 2(b) ].
Small differences in protein structure can lead to significant differences in calculated DG pol . For example, B. taurus cytochrome b 5 (E m,expt 210 mV 88 ) and T. elongatus cyt c 550 (E m,expt 2240 mV 86 ) both have a Pro adjacent to the His axial ligand, which makes the most significant contribution to DG pol (see Fig. 3 ). In cytochrome b 5 , the Pro raises the E m by %50 mV, whereas in cytochrome c 550 the analogous residue lowers it by a similar amount. This difference results from the orientation of the Pro carbonyl, which points towards the heme in cyt. c 550 and away in b 5 . The backbone is the one structural element that is not optimized in MCCE conformational n/a 0.969 n/a n/a n/a n/a R 2a n/a 0.931 n/a n/a n/a n/a bis- sampling. The comparison of the results calculated with different atomic structures provides the only way to access the variability of DG pol for a given protein (Table SIII) . DG res,prop : All hemes have two propionic acids as peripheral ligands. When ionized, they lower the midpoint potential, favoring heme oxidation. Strong unfavorable interactions between the two propionates can keep them from both being fully ionized. The more deeply buried acids lose reaction field energy, which destabilizes ionization and also increase the strength of the repulsion between the two propionates.
Oxidation of the hemes always shifts the pK a of the acid down, leading to proton release if the pK a is near the solution pH. 22,89,28 The net charge on the two propionic acids is <21 (>50% ionized) in 114 out of 141 (81%) hemes in the reduced state, with 40% of the propionic acids more than 90% ionized. When the hemes are oxidized now 129 hemes (91%) have their propionic charge between 21 and 22 and 65% are >90% ionized. The associated proton release on heme oxidation makes the propionic acids important contributors to the pH dependence of many heme E m s.
The DG res,prop ranges from %0 to 2522 meV. This is calculated at pH 7 at the E h where the heme is 50% ionized in Monte Carlo sampling (i.e. E h 5 E m,calc ) [Eq.
(1)]. The lowest value is 2522 meV for a deeply buried propionic acid on Heme a in cytochrome c oxidase. The deeply buried acid remains charged due to its interactions with two Arg (R481, R481) less than 3 Å away. Another nearby Arg (R52), a Mg
12
, and a Ca 12 ions also help to stabilize both the ionized heme acids. Of course the positive potential from the nearby cations will raise the potential at the heme. With the exception of cytchrome c oxidase, the most favorable heme-propionate acid interaction is 2332 mV in cyt c (E m,expt 260 90 ). In the low potential cyt c 550 (E m,expt 2240 mV 86 ) and high potential cyt c 4 (E m,expt 450 mV 91 ), the propionates are fully protonated at pH 7, so the polar, neutral acids have very small unfavorable interaction with the oxidized heme of 30 and 3 meV, respectively.
The heme redox potential correlates poorly with the fractional propionate ionization or with the electrostatic interaction between these attached acids and the rest of the heme [ Table I , Fig. 2(c) ]. Interestingly, there is a weak negative correlation between DG res,prop and E m,expt . This arises because deeply buried, ionized propionic acids, which themselves lower the E m , must in turn be surrounded by cations which will tend to raise the heme E m .
Earlier studies by Mao calculated that, in reduced cytochromes, the acids have an interaction with the hemes ranging from 240 to 2170 meV, whereas with an oxidized heme, it is more favorable, ranging from 260 to 2270 meV. 22 The interactions reported here on the same proteins are more favorable. The differences are due to improvements in the MCCE methodology. The earlier calculations used an ad hoc SOFT function, 38 which weakened strong electrostatic interactions. This was necessary because of the added low dielectric material introduced by the multiconformation method which has all conformers present when calculating the pairwise interactions. 36, 38 In contrast, the current method uses a more accurate, physical correction for errors in the boundary conditions. The pairwise electrostatics interactions between the single conformers from the original structure are considered correct. The same interaction is also calculated in the multiconformation structure and correction is defined to recover the correct value. The same factor applied to all the conformer-conformer electrostatics pairwise interactions between the two residues (see details in Song Y, Mao J, Gunner MR, in preparation).
DG res,prot : The ionizable and polar amino acids in the protein also modify the heme redox potential via electrostatic pairwise interactions. Here, DG res,prot varies from 2261 meV in the di-heme peroxidase (E m,expt 2260 mV 16 ) to 507 meV in cyt. c oxidase, much larger than the range from 260 to 165 meV found by Mao J and coworkers. 22 As seen in Table I and Figure 2(d) , there is no correlation between the DG res,prot and redox potential.
Comparison of the electrochemistry of the different classes of heme proteins b-vs. c-type
Hemes are attached to the protein by purely nonbonded interactions in the a-or b-type hemes or via two Cys linkages in the c-type hemes. In addition, the protein provides one or two axial ligands to the heme. The btype heme, the most common heme tetrapyrrole macrocycle, is the structure from which heme a and c are derived. 17,59 The dataset here includes one a-type heme, 118 c-type hemes, and 22 b-type hemes. Only bis-His, His-Met, and aquo-His hemes with measured E m s were examined here producing a dataset with more c-type than b-type hemes. The b-type hemes are more likely to be found with other ligands. 59 The b-and c-type hemes are found clustered in different E m ranges. The b-type hemes have their E m s in the middle of the E m range measured for heme proteins, whereas c-type hemes are mainly found either above 250 mV or below 2100 mV. Thus, the c-type hemes span an 800 mV E m,expt range, from 2350 mV in Desulfovibrio desulfuricans Norway cytochrome c 3 92 to 450 mV in Nitrosomonas europaea peroxidase, 16 whereas b-type hemes span less than 300 mV, ranging from 2102 mV in Rat microsonal cytochrome b 5 93 to 168 mV in Escherichia coli cytochrome b 562 . 94 It can be seen that each of the electrostatic terms are larger for the bis-His b type hemes than for the more exposed bis-His c-type hemes (Table I ). The covalent attachment of the heme to the protein via two Cys linkages has been assumed to modify the E m only by the small shifts in the reference reaction field energy. This is supported by the small shift in E m measured when the c-type heme in cytochrome c 552 is mutated to a b-type heme by replacing both Cys ligands by Ala. 95 Thus, the difference between the E m,calc for the bis-His b-and c-type hemes is calculated to be solely due to the MCCE electrostatic terms.
Independent of the axial ligation, the E m s for the btype hemes are %200 mV more positive than the E m,sol for the respective ligand type (Fig. 1 , Table I Fig. 2) . Thus, the low potential c-type cytochromes have relatively small shifts in E m from E m,sol .
The high potential c-type hemes, which use His-Met ligation, may use a covalently bound heme for a different reason. The His-Met ligands have a more positive E m,sol . However, on average the in situ E m,expt s are 300 mV more positive than the His-Met E m,sol of 215 mV. This indicates the oxidized heme binds 10 6 times more weakly than the reduced cofactor. In general, the oxidized hemes tend to be more weakly bound, potentially destabilizing the protein. 99 As suggested by Gibney and coworkers, 96 the covalent attachment in the high potential c-type proteins may be needed to ensure reversible redox reactions with a very positive E m shift without heme loss. These proteins with their greatly shifted E m s tend to have large values for all MCCE electrostatic energy terms.
The c-type hemes do generally show somewhat better R 2 values than b-type hemes for the comparison of the decomposed electrostatic energy terms with the experimental E m s (Table I, Fig. 2 ). However, this is largely due to the fact that c-type hemes cover a significantly larger range of E m s. Analyzing an E m range from 2138 to 149 mV in c-type hemes similar to that found in the b-type, the slopes for each energy term in the c-type hemes do not change much. However, the R 2 values drop significantly. They are now 0.225 and 0.4 for DDG rxn and DG pol , a little better for b-type hemes, and 0 and 0.027 for DG res,prop and DG res,prot , which are even worse.
bis-His vs His-Met vs aquo-His
The sixty-four His-Met type hemes have an E m,expt span of 510 mV, from 260 mV (in tetra-heme Rhodopseudomonas viridis reaction center 100 ) to 450 mV (in di-heme Nitrosomonas europaea peroxidase 16 ). In the sixty-three bis-His type hemes, E m,expt varies from 2350 mV (in tetra-heme Desulfovibrio desulfuricans Norway 92 ) to 300 mV (in Rhodobacter sphaeroides cytochrome c oxidase 101 ). The fourteen aquo-His ligated hemes have a smaller E m,expt range from 2260 mV (Nitrosomonas europaea peroxidase 16 ) to 103 mV (monoeric clam hemoglobin 84 ). There are only two proteins with aquo-His b hemes, and one protein each with aquo-His c or His-Met b hemes. Overall, although hemes in proteins have a total E m range of 800 mV here, proteins with a particular heme and ligand type are likely to be found in a range of 200-500 mV. In the calculations, the different axial ligand types are assumed to add an nonelectrostatic offset via the differences in E m,sol .
For the c-type hemes, the low and high potential hemes can be compared. Their average E m s vary by $500 mV. This 500 mV range of E m,expt , equivalent to an 11.3 kcal/Mol shift in the reaction equilibrium constant is well calculated by the MCCE method (see Fig. 1 ).The high potential hemes use His-Met rather than bis-His ligands, raising E m,sol by 205 mV; the high potential hemes have %120 mV less solvation energy, 150 mV more positive interaction with the backbone dipoles and the sidechains. The more buried c-type hemes also have larger interactions with their propionic acids lowering the potential by %80 mV. However, as will be described below MCCE does not account for all of the destabilization of the oxidized His-Met hemes, resulting in E m,calc which are systematically lower than E m,expt [ Fig. 1(a) ].
There are several hemes, which are shifted more significantly by the protein than the norm for the given heme and ligand type and these pose the best test of the MCCE calculation method. Although the majority of bisHis c type hemes are at low potential, ranging from 2350 to 260 mV, one in the 400 residue reaction center cytochrome c-subunit and one in the 500 residue heme binding subunit of the quinohemoprotein amine dehydrogenase (QH-AmDH) have a much higher E m,expt of 20 and 149 mV, respectively. These are calculated to have E m s near 0 mV, well separated from the low potential bis-His b-type hemes. Traditionally, hemes are predicted to move to high potential because of the loss of reaction field energy, which destabilizes the oxidized heme. 42, 43, 102 This is in agreement with our observation here. The electrostatic analysis of these two high potential bis-His c-type hemes shows that they are better buried in the protein than the average bis-His c-type heme with DDG rxn of %60 meV, %80 meV more positive than the average value for this group (Table I) . However, this is not enough to raise the heme E m in QH-AmDH by $400 mV from the averaged E m of its type. Therefore, other forces must be enhancing the heme reduction. The pairwise electrostatic interactions with the protein sidechains are also much stronger in QH-AmDH. Four Arginines (R42, R102, R108, R114) near the heme make a total contribution of $400 meV raising the E m,calc . However, this is largely canceled by a $130 meV interaction with the nearby heme propionic acids.
His-Met c-type hemes usually have high E m,expt , in the range of 250 to 450 mV. There are two with unusual low redox potentials, at 60 meV in cyt. c 553 and 260 mV in the Rb. viridis reaction center. Solvent heme exposure has been suggested to be one of the most important factors responsible for the uncommon low cyt. c 553 E m . 81 However, the calculations here show that DDG rxn of 152 meV is only $20 meV lower than the average of His-Met c type. Comparing these hemes with the average for the members of their class (Table I) shows that DG pol and DG res,prot are the terms which yield the lowered E m,calc .
Error analyses and parameter sensitivity MCCE calculation results are in reasonable agreement with the experimental data. The slope comparing all experimental and calculated values is 0.73 with an intercept at 277 mV and a reasonable R 2 of 0.90. Thus, the calculations are able to reproduce an E m range of 756 mV, from 2420 mV in cytochrome c 3 to 336 mV in reaction center. By using the experimental values for E m,sol for each ligand type there are no free parameters in the analysis. Overall this reproduces %700 mV of the 800 mV found experimentally [ Fig. 1(a) ]. This is the first attempt to use a single method to calculate such a large range of heme E m s. All atomic force field parameters used here are the same as used for MCCE calculations of pK a s in proteins (Song Y, Mao J, Gunner MR, in preparation).
Despite the good agreement between calculation and experiment (see Fig. 1 ), the His-Met c type E m s are systematically lower than the experimental values [ Fig.  1(a) ]. If the E m,calc for each of these 24 proteins is shifted up by 160 mV, the slope matching the experimental and calculated values significantly increases to 0.969 with an R 2 of 0.931 [ Table I , Fig. 1(b) ]. With the correction, 65% of the hemes have an absolute error smaller than 60 mV, equivalent to an error of 1 pH unit (1.36 kcal/mol) in a calculation of a group pK a and 92% are within 120 mV. This can be compared with the most recent version of MCCE analysis of the pK a s of 320 amino acids in 38 proteins where 79% of the residues have errors smaller than 1 pH unit and 97% errors smaller than 2 pH units (Song et al. in preparation). However, the calculation of heme electrochemistry may represent a more difficult problem because the heme is generally well buried in the protein.
In contrast, the large majority of amino acids used in pK a benchmark studies are on the protein surface where they are perturbed little by the protein. 103 There are several possible sources of the systematic shift of the His-Met hemes. E m,sol influence all hemes of the same type in the same way. The E m,sol used here are the same as applied in earlier MCCE analysis of heme electrochemistry. 22,61 E m,sol for the bis-His and aquoHis hemes are taken from measurements on microperoxidases. The E m,sol of 215 mV for His-Met hemes is derived from the E m shift found by mutating one His ligand to a Met in cyt c 69,104 , in cyt c 551 70 and in cyt c 3 . 105 The E m,sol for His-Met microperoxidase is 270 mV. 68 Using this value would lower the E m,calc by 55 mV, increasing the needed offset.
Another term that is used for all calculations on a given type of heme is the reference reaction field energy DG rxn,sol (Table II) . This provides the maximal stabilization of the heme ligand complex when it is immersed in water. A larger difference between the reaction field energy of oxidized and reduced heme allows greater positive shifts of the E m as the heme is buried. The default E m,calc groups the heme and its axial ligands, with standard PARSE charges, together as a heme complex using the metal centered charges. However, in earlier calculation from this laboratory the ligands carried no charge. 22 Despite the identical shape and net charge on the heme complex, the distribution of atomic charges produces a large change in the solution reaction field energy, especially for the neutral reduced heme. In addition, the amino acid axial ligand charges produce a significant difference between the DG rxn,sol for the bis-His and His-Met hemes. Making the solution reaction field energy less negative will shift the E m,calc to more negative values, because there can be a smaller penalty for oxidation of a buried heme. However, this difference again tends to lower the bis-His hemes more than the His-Met hemes so does not explain the result that the His-Met hemes are systematically too low.
As DG rxn,sol is quite sensitive to the atomic charge distribution and radii used, it would be helpful to have an experimental system to use as a model. Formally, the DG rxn,sol would be measured by the free energy of transfer of the oxidized and reduced heme ligand complexes from water into a solvent with a dielectric constant of 4. 31 Alternately, the difference in the transfer energy of oxidized and reduced hemes can be determined from the E m shift of the heme measured in the two solvents. 49 E m shifts have been measured for heme in a dendritic microenvironment in water (e $ 80), MeCN (e $ 40) and CH 2 Cl 2 (e $ 10). 106 This system shows increasing heme E m s when the dendrite shell increased or when the solvent dielectric constant decreased as expected from a continuum electrostatic analysis. The smallest model system is viewed as most similar to the microperoxidases used here as the models for E m,sol. The measured E m is 2210 mV in CH 2 Cl 2 , 80 mV higher than in water. The calculated change in DG rxn,sol moving from e 5 4 to e 5 80 was compared with the transfer from e 5 4 to e 5 10. With the charge distribution on the heme-ligand complex used here, the DDG rxn,sol is 96 meV for b-type hemes and 80 meV for c-type hemes, in agreement with the dendritic model system measurements. In contrast, the charge distribution used previously with no charges on the ligands gives a much larger DDG rxn,sol of 200 mV. Thus, the current charge distribution yields more reasonable solution reaction field energies. However, the experimental model system does not provide any information about possible differences between bis-His and His-Met hemes.
Another possible cause of the E m,calc for His-Met ctype hemes being lower than E m,expt is there that there is an error in the calculated ionization state of the propionates. The His-Met c-type proteins have the largest calculated DG res,prop which lowers E m,calc by 80 mV, on average, more than they do in the bis-His c-type hemes. The calculated net charge on the two acids is often between 21 and 22. If the calculated pK a s were too low and the acids too ionized this will lower the E m s.
The sensitivity to the propionic acid ionization can be seen in the comparison of the results of calculations on each structure in an ensemble of 40 NMR structures of reduced horse heart cytochrome c (pdb 2GIW, E m,expt 260 mV 90 ). The calculated E m s range from 214 mV to 255 mV with an average of 107 mV. This averaged value is close to the E m,calc obtained starting with a crystal structure. Comparing the NMR structures with the lowest and the highest calculated E m , shows that the structure with the E m,calc of 214 mV has one propionate fully and the other 72% deprotonated at the midpoint of the titration. Meanwhile, the structure with an E m,calc of 255 meV only has one propionate ionized. This difference contributes 80 mV to the difference in E m,calc . There is also a %200 meV difference in the interaction with the backbone dipoles, with the backbone of the Met80 ligand contributing 70 meV to the difference. The MCCE method can sample different propionic acid conformations, reducing the differences between different starting structural models. 38 However, differences between backbone conformations are not sampled in the calculations. This degree of difference found for an ensemble of NMR structures is not unusual in MCCE. However, the averaged pK a 38,61 or E m s 22 are generally similar to those found for X-ray crystal structures. The results from each structure in the ensemble often provide interesting information about how changes in conformation can affect the result electrochemistry.
The shifts in E m,calc with ionization of the propionic acids can also be seen in the lowest potential His-Met ctype hemes, both in Rps. viridis reaction centers (E m,extp 260 mV 100 ) and in cyt c 553 of B. pasteurii (E m,expt 60 mV 107 ). In both the cases, the propionic acids are partially protonated. In cyt c 553 , the A ring propionic acid is trapped at the protein surface and so only 20% ionized when the heme is fully reduced. The shifts in E m,calc obtained when both propionic acids on these hemes are fixed in their ionized form are shown in Figure 1(b) . The E m,calc is now $90 mV lower than before and reducing the absolute error to $90 mV.
Charge set
The sensitivity of the calculations to the heme-ligand complex charge distribution was tested [ Fig. 4(a) ]. The same reference reaction field energy calculated with the metal centered charge set was used for each ligand type.
Three charge sets for the bis-His hemes include the metal centered default set and ESP and NBO charges, which were derived from Jaguar calculation (Zhang J, Gunner MR, in preparation). The difference in calculated E m s between the metal-centered charge set and the two quantum charge sets are less than 65 mV, with both providing similar agreement with the measured data. The loss in reaction field energy (DDG rxn ) and backbone interactions (DG pol ) are rather similar with the different heme partial charges. The ionization states of the propionates shift very little. No significant conformation or ionization state changes in the protein were observed. For His-Met hemes, the metal-centered charge set was compared with those obtained by previously published Gaussian calculation. 76 Small changes, which are no more than 62 mV in the calculated E m s, were seen. The energy terms in MCCE calculation were quite constant between the two charge sets. Small variations in residue ionization states were seen. Nevertheless, its affect on the final redox midpoint potentials is small.
The influence of charge set on E m,calc used one value of DG rxn.sol . DG rxn,sol is dependent on the charge distribution on the heme-ligand complex (Table II) . However, except for the NBO charge set, the difference in DG rxn,sol between charge sets for each ligand type is less than 20 meV. The NBO charge gives a reference reaction field energy $100 meV lower than the other two, which would lower the E m,calc of all hemes by that much. This would tend to lower the absolute E m,calc but not the relative E m for a given heme type.
Dielectric constant (e)
The value for the dielectric constant of the protein remains one of the most contentious issues for the continuum electrostatics methodology. 37,43,108-110 MCCE calculation was carried out using both a dielectric constant of 4 and 8 on a selected group of proteins (see Fig.  4 ) with the default metal centered charges. DG rxn,sol was calculated with the same e in as the protein. Of the 29 hemes selected in the calculation, five have their E m,calc shifted by more than 65 mV. Bovine cytochrome b 5 (pdb: 1CYO) changes by 95 mV. Here DG res,prot change by $13 meV. The heme loses $50 meV less reaction field energy in e 5 8 than in e 5 4 but it interacts 60 meV more favorably with the backbone dipoles. As a result, the heme oxidation is favored by $110 meV more in e 5 8 than in e 5 4 lowering the E m,calc .
The change in dielectric constant shows the balance between reaction field energy and pairwise interactions. Thus, calculations with e 5 4 always have a more significant loss in reaction field energy than with e 5 8, raising the E m,calc . The individual pairwise interactions will have a larger absolute value in the lower dielectric constant, which can lower or raise the E m,calc depending on the sign of a charged group or orientation of a dipole. In the larger high potential His-Met c-type hemes, the calculated DDG rxn s with e 5 4 are more unfavorable by 42 to 89 meV. Although in the small, low potential bis-His ctype heme proteins, E m,cal shifts only by 22 to 36 meV. The backbone interaction which tend to raise the E m,calc in the higher potential hemes do so by a smaller amount with the higher dielectric constant. In the small proteins where this term is small in e 5 4, relatively similar backbone interactions are seen with e 5 8. In Figure 4 (c), the calculated E m s both using e 5 8 and e 5 4 were compared with the measured data. Best-fit linear regression lines show that the results with e 5 4 have a slope of 0.92 (R 2 5 0.92), whereas with e 5 8 the slope is 0.84 (R 2 5 0.89). Thus, overall calculations with e 5 8 underestimate the protein contribution to the heme E m s.
CONCLUSIONS
It is a long-standing challenge to demonstrate how proteins modify the in situ properties of bound substrates and cofactors. The enormous range of heme E m s in proteins allows us to test the hypothesis that the E m differences in individual proteins arise predominately from the difference in the electrostatic interactions of the cofactor with the protein and the surrounding solvent. Here with only one free parameter, E m,sol taken from experiments, 68-70 the calculations are shown to account for %73% of the measured change in E m s (Fig. 1, Table I ). Thus, a good fraction of the observed range of heme E m s in proteins can be assigned to perturbation of the reaction by changing the heme ligand and by the nonbonded electrostatic interactions with the protein and solvent, which are captured in the MCCE calculations. The free energy changes that arise from proton release upon heme oxidation are included in this analysis. The errors are not uniformly distributed. Rather the his-met c-type hemes are calculated to be too easily oxidized in their protein environment. A number of possible errors and uncertainties are considered here without satisfactorily identifying the source of the problem. Nevertheless, raising this group of E m s with a 160 mV offset produces calculated results with a slope of 0.97 with an R 2 of 0.93 comparing calculated and experimental E m s. With this correction, 65% of the E m s have errors of <1.4 kcal/mol and only 7% having errors >2.8 kcal/mol. The 800 mV span studied here represents the largest range of E m s calculated using a single method. The results provide a better understanding of heme electrochemistry in proteins and may provide rules to help in engineering heme proteins with desired properties.
Given the success of the analysis in calculating the E m s, it becomes possible to ask what factors are most important for modulating the in situ electrochemistry. The interactions between heme and protein are divided into the loss of heme solvation energy (DDG rxn ), and pairwise interactions of the heme with the covalently attached propionic acids (DG res,prop ) and the sidechains (DG res,prot ) and backbone of the protein (DG pol ). Each of these energy terms is quite different in the different proteins. However, each alone is poorly correlated with the E m . It has long been suggested that the loss of solvation energy, which raises all E m s would be the dominant factory in tuning the in situ electrochemistry. 79-81 Although the DDG rxn , which is the continuum electrostatics measure of the solvation energy has the best correlation with the measured E m , the R 2 is only 0.5 and the slope is 0.2. This indicates that no more than 20% of the E m range can be assigned to changes in solvation energy. Proteins can also tune their E m s by local differences in the backbone structure, by the distribution of nearby sidechains, by the ionization state and solvent exposure of their propionic acids and by the exposure of the heme itself to water. Overall this analysis shows that different proteins use a different mixture of forces to regulate its heme E m .
